An 8-nm-thick epitaxial CaF 2 layer grown on an n ϩ -Si substrate was used as the insulator in a metal-insulator-semiconductor cathode with a 10 m 2 emitter region. The fabricated cathodes exhibited two different types of I -V characteristics. The first type showed conventional tunnel emission current of 22 pA at an emitter current of 2.4 mA and an emitter voltage of 7 V. The emitter with the other type of characteristics showed an emission current of 5.6 nA at an emitter current of 2.2 mA and an emitter voltage of 4.5 V but it showed current instability.
I. INTRODUCTION
The metal-insulator-semiconductor ͑MIS͒ electron tunnel emitter is one among the promising cathodes for use in vacuum microelectronics. 1 In the MIS tunnel emitter a high transfer ratio of emission current to the total tunneling current is desirable. The principle of MIS cathodes is similar to that of hot electron transistors ͑HETs͒ for which high transfer ratio is also desirable. The first HETs of amorphous Al/Al 2 O 3 showed no amplification 2 but later epitaxial compound semiconductor HETs showed clear amplification 3 and provided high transfer ratios of over 0.99. 4 In metal-insulator-metal-insulator-metal ͑MIMIM͒ HETs (CoSi 2 /CaF 2 on Si͒, a high transfer ratio of over 0.97 was reported. 5, 6 In the same way epitaxial layers also have the possibility of improving the transfer ratio of MIS cathodes.
In this article, electron emission into vacuum from a MIS emitter with an epitaxial CaF 2 insulator layer is reported. The electron emission showed two different types of I -V characteristics.
II. DESIGN OF THE EMITTER AND ESTIMATION OF THE CURRENT
The MIS emitter was designed with the condition that an epitaxial CaF 2 layer was to be the insulating layer. The semiconductor is silicon because CaF 2 can be epitaxially growth on a Si substrate. The thickness of the CaF 2 layer is limited to 8 nm because of the lattice mismatch between Si and CaF 2 . The metal selected was gold because of its stability. As a result, the structure became the same as that used for scanning hot electron microscopy ͑SHEM͒. 7 The difference between the SHEM and the vacuum emitter cases is the applied voltage; the applied voltage for SHEM was 3 V, whereas a higher voltage than the work function of gold ͑5.4 eV͒ must be used in the vacuum emitter case. Higher applied voltage introduces large band bending in the semiconductor and increases the current. Therefore an estimation of the current density is important. In a conventional semiconductor tunneling device the energy width of the supply function is small and we cannot use the Fowler-Nordheim expression to calculate the current density. However, the large band bending in the MIS cathode provides a larger energy width of the supply function so that we in fact can use the FowlerNordheim expression with a modification for the effective electron mass in the semiconductor to express the current density
͑1͒
where is the effective barrier height with band bending taken into account and m* is the effective electron mass in Si. With an applied voltage of 6 V the band bending was estimated to be 0.6 V by a self-consistent calculation. 8 The calculated band diagram is shown in Fig. 1 . The effective barrier height between Si and CaF 2 is lowered from 2.3 to 1.6 eV due to band bending in the accumulation layer and degeneration of the Fermi levels. When the supply function's energy width is larger than 0.4 eV due to band bending, we can use Eq. ͑1͒ with only a small error (Ͻ1%). With the assumption of a constant effective barrier height ͑1. 
III. FABRICATION PROCESS
A schematic of the MIS emitter fabricated is shown in Fig. 3 . First, an 8-nm-thick CaF 2 layer was epitaxially grown by molecular beam epitaxy 6 at 450°C on an n ϩ -Si substrate. The growth apparatus and procedure are the same to those for HETs/resonant tunneling diode growth. 5, 6 A 100-nmthick SiO 2 layer was then deposited by sputtering without breaking the vacuum just after growth of the CaF 2 layer. After this a 100-nm-thick Au/Cr pad (450ϫ450 m 2 ) was formed by evaporation and liftoff. In the case of epitaxial layers, a small emitter region helps to reduce the leakage current through defects, so a small semicircular emitter re- gion ͑total area ϳ10 m 2 ͒ was fabricated by etching the SiO 2 . The backside electrode was formed by Al evaporation, and finally a 10-nm-thick topside Au layer was evaporated. This gold thickness was thinner than that used in SHEM ͑20 nm͒ because low scattering in the metal is required for this cathode while SHEM requires low resistance at the surface electrode.
IV. MEASUREMENT
The electrical measurement was carried out with a cryogenic probe station in a vacuum chamber and use of a HP-4155 parameter analyzer. The pressure in the chamber was 5ϫ10 Ϫ5 Torr. A Au wire was used as the probe for the topside contact while a wire of an In-Ga alloy was used for the backside contact. A collector to detect emitted electron was separated from the emitter by 5 mm and the potential of the collector was kept 100 V from the emitter surface potential. The temperature of the sample was kept at 16 K to prevent a fatal error of the emitter which was our most serious problem.
We observed two different types of I -V characteristics. Devices that showed the first type exhibited emission when the applied emitter voltage was greater than 5 V. A typical I -V characteristic for this kind of device is shown in Figs.  4͑a͒ and 4͑b͒ . When the applied emitter voltage was 7 V, the emitter current was 2.4 mA and the emission current into the vacuum was 22 pA. The current density in the emitter was 24 kA/cm 2 . This value is larger than the theoretical one and the increase of current was linear with the increase of voltage as shown in Fig. 4͑b͒ . Therefore a parallel resistive component was expected. On the other hand, the emission current increased exponentially with the increase of voltage. When we assumed a constant transfer ratio in the metal region, the emission current must be proportional to the tunneling emitter current given by the Fowler-Nordheim expression. Figure 4͑c͒ shows the Fowler-Nordheim plot of emission current. It has the same slope as the theoretical emitter current, so we believe this emission current is caused by conventional tunnel emission. Figure 4͑d͒ shows the time dependence of the emission current at a constant bias voltage ͑7 V͒. Stable emission was observed until a fatal error occurred after around 6 s.
Devices showing the other type of I -V characteristics have a lower threshold ͑around 3 V͒ for the observation of electron emission. A typical I -V characteristic of this kind of device is shown in Fig. 5͑a͒ . When the applied emitter voltage was 4.5 V, the emitter current was 2.2 mA and the emission current into vacuum was 5.6 nA. This emission current corresponds to an emission current density of 56 mA/cm 2 . In the emitter current, we observed negative resistance. Figure 5͑b͒ shows the time dependence of the emission current at a constant bias voltage ͑5 V͒. A large fluctuation in emission current was observed. The results observed ͑i.e., lower threshold than work function, negative resistance, and fluctuating emission͒ could be explained by electroforming. 9 This type of device had longer lifetime than the first type and we could observe I -V characteristics at room temperature as shown in Fig. 5͑c͒ . At room temperature though, the sample lifetime was short and fatal errors were observed after only seconds of operation.
V. DISCUSSION
In our measurements, few samples showed electron emission. A small percentage of the devices showed emission of the first kind and a somewhat larger percentage showed emission of the second kind. The observed transfer ratio of emission current to total tunneling current was very low. These poor characteristics could be explained by a large parallel resistive leakage component and thin metal on the side of the SiO 2 layer.
The large resistive characteristics were not observed in SHEM where the SiO 2 layer was deposited by chemical va- por deposition ͑CVD͒ and we found in later experiments that damage of the CaF 2 layer due to sputtering caused the leakage. But at the same time the SiO 2 layer itself has lower leakage current if deposited by sputtering than if it is grown by thermal CVD at 320°C. Thus insertion of a thin SiO 2 layer by thermal CVD between the CaF 2 layer and the sputtered SiO 2 layer would allow less leakage current. Contrary to a former report, 10 we observed electroforming at 16 K. This could be explained by rise in temperature of the sample due to the high current density caused by the leak current.
In many devices, we observed no emitter current. The weakest point of the current path was the thin metal layer on the side of the SiO 2 layer between the emitter and the pad. This region was disconnected in devices exhibiting no emitter current. After fatal errors, as mentioned before, we observed no emitter current. Therefore destruction of the thin sidewall should be the reason for the fatal errors. Improvement in the fabrication process to get a thicker metal layer on the sidewalls must be made.
To confirm the actual characteristics of the epitaxial insulator, reduction of the leakage current and more reliable metal connections are essential in the next experiment.
VI. CONCLUSIONS
A MIS emitter with an epitaxial CaF 2 insulator layer was presented. An 8-nm-thick epitaxial CaF 2 layer was grown on an n ϩ -Si substrate and a MIS cathode with a 10 m 2 emitter region was also fabricated by evaporation of 10-nm-thick gold and semiconductor process. Two different types of I -V characteristics were observed. Conventional tunnel emission shows an emission current of 22 pA for an emitter current of 2.4 mA and an emitter voltage of 7 V. The other type of I -V characteristics shows an emission current of 5.6 nA at an emitter current of 2.2 mA and an emitter voltage of 4.5 V but it shows current instability. The results observed show a large current leakage and a too thin metal layer on the side of the SiO 2 layer. The reduction of leakage and a more reliable metal connection are essential to confirm the actual characteristics of an epitaxial insulator.
